Abstract. Despite extensive studies regarding tau phosphorylation progression in both human Alzheimer's disease cases and animal models, the molecular and structural changes responsible for neurofibrillary tangle development are still not well understood. Here, by using the antibodies AT100 (recognizes tau protein phosphorylated at Thr212 and Ser214 in the proline-rich region) and pS396 (recognizes tau protein phosphorylated at serine residue 396 in the C-terminal region), we examined phospho-tau immunostaining in neurons from the hippocampal CA1 region of 21 human cases with tau pathology ranging from Braak stage I to VI. Our results indicate that the AT100/pS396 ratio decreases in CA1 in accordance with the severity of the disease, along with its colocalization. We therefore propose the AT100/pS396 ratio as a new tool to analyze the tau pathology progression. Our findings also suggest a conformational modification in tau protein that may cause the disappearance of the AT100 epitope in the late stages of tau pathology, which may play a role in the toxic tangle aggregation. Thus, this study provides new insights underlying the stages for the formation of neurofibrillary tangles in Alzheimer's disease.
INTRODUCTION
Neurofibrillary tangles (NFTs), together with amyloid-␤ (A␤) plaques, are the major neuropathological hallmarks of Alzheimer's disease (AD). Symptoms in early stages of the disease include loss of context, disorientation, and deficits in memory functions [1] . It has also been proposed that the early loss of episodic memory is closely associated with the progressive degeneration of the medial tempo-regard, it has been suggested that NFTs are most closely correlated with cognitive decline, promoting neuronal morphology impairment [14] .
The main components of NFTs are the paired helical filaments (PHFs), composed of aggregates of abnormally hyperphosphorylated tau protein. In AD, anomalous tau phosphorylation first appears in the transentorhinal and entorhinal cortices; it then spreads to the hippocampus and, eventually, extends to the neocortex [15] . The monomeric form of tau protein promotes assembly and stabilization of microtubules [16] , playing a crucial role in the cytoskeleton maintenance. However, once tau is hyperphosphorylated, it decreases microtubule binding affinity, inhibiting the assembly of microtubules and changing the interaction with plasma membranes. Some of the consequences of these modifications are the impairment of axonal transport, as well as differential dendritic and post-synaptic tau distribution, among others [17] . Recently, new harmful roles have been associated with pathological tau, such as targeting microglia to promote neuron phagocytosis [18] or the impairment of nucleocytoplasmic transport, which would affect the integrity and functioning of the nucleus of the neurons [19] .
Tau protein contains over 80 potential tau phosphorylation sites that may alter the protein structure and promote conformational changes, which in turn may allow its aggregation [20, 21] . The microtubule binding domain (a repeat region at the C-terminus) is critical for PHF assembly while, in the proline-rich region, the phosphorylation of T212/S214 residues decreases the interaction with microtubules [22] and prevents PHF formation [23] . These two phosphorylated amino acids form the epitope of the antibody AT100 [24] .
It has been proposed that the sequential phosphorylation of tau protein is linked to NFT development and the progression of AD [25] . Phosphorylation at Ser202/Thr205 (epitope recognized by the antibody AT8) represents an early degenerative change of the cytoskeleton [26, 27] , which plays a central role in the successive tau phosphorylation [28] and has been associated with early stages of the AD [29, 30] . AT8 is used to classify the neurofibrillary degeneration into stages known as the Braak stages [31] . Conversely, phosphorylation at site Ser396 is commonly related to late stages, as it is mostly found in NFTs [29] . However, another study reported that tau phosphorylation at S396/S404 is one of the earliest events in AD [32] , along with the truncation of the C-terminal region [33, 34] . In addition, Luna-Muñoz et al.
have characterized the sequential appearance of specific tau phospho-dependent epitopes, revealing that AT100 appears after AT8 [34] . In general, although these studies suggest that toxic tau aggregates are formed by a cooperative and sequential tau hyperphosphorylation [35] , further research is needed to understand which events are crucial to promote neurodegeneration.
In the present study, we have used the antibodies AT100 and pS396 which are directed against different phospho-tau sites to examine the phospho-tau staining in neurons from the human hippocampal CA1 region. For this purpose, we have studied human brain samples from individuals with tau pathology with a neurofibrillary tangle Braak stage ranging from I to VI. Our findings revealed that the AT100/pS396 ratio decreased in CA1 and that this decrease is in accordance with the severity of the disease. Furthermore, the lower AT100/pS396 ratio was in parallel with a decrease in the colocalization of immunostaining using AT100 and pS396 antibodies. (Table 1) . Samples were obtained from 4 subjects with no evidence of cognitive impairment or dementia (IF9, IF8, AB5 and AB6), and 17 cases with AD (VK2, VK21, BCN11, BCN15, BCN4, BCN2, BCN6, BCN10, VK15, VK27, VK28, BCN1, BCN7, BCN9, BCN12, BCN13 and VK16). According to the clinical and neuropathological criteria provided by the above-mentioned centers, the cases were classified in Table 1 from low to high Braak staging.
MATERIALS AND METHODS

Human
Tissue blocks were fixed in cold 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) in 0.1 M sodium phosphate buffer (PB; Panreac, 131965, Spain) pH 7.4 for 24-48 h. After fixation, the tissue was washed in PB, cryoprotected (30% sucrose solution for at least 24 h) and frozen at -20 • C for longer preservation. Serial 50 m thick coronal sections from the hippocampus were obtained using a Selected sections were first rinsed in 0.1 M PB, pretreated in 2% H 2 O 2 for 30 min to remove endogenous peroxidase activity, and then incubated for 1 h at room temperature in a solution of 3% normal horse serum (Vector Laboratories Inc., Burlingame, CA) and 0.25% Triton-X (Merck, Darmstadt, Germany). Subsequently, sections were incubated for 48 h at 4 • C in the same solution with mouse IgG1-anti-phospho-tau, clone AT8 (1 : 2000, MN1020, Thermo Scientific), mouse antihuman A␤ antibody (1 : 50, clone 6F/3D; Dako, Glostrup, Denmark) or rabbit anti phospho (409/410) TDP43 (1 : 500; 22309-1-AP; Proteintech, Chicago, IL, USA). Sections were then processed with a secondary biotinylated horse anti-mouse IgG antibody (1 : 200, Vector Laboratories), and then incubated for 1 h in an avidin-biotin peroxidase complex (Vectastain ABC Elite PK6100, Vector) and, finally, with the chromogen 3,3 -diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich). Thereafter, sections were dehydrated, cleared with xylene and coverslipped.
To study tau phosphorylation colocalization, double immunostainings were performed. Sections were first rinsed in 0.1 M PB, pretreated in 2% H 2 O 2 for 30 min, and then incubated for 1 h at room temperature in a solution of 0.25% Triton-X (Merck) with 3% normal goat serum (Vector Laboratories Inc.). The sections were then incubated for 48 h at 4 • C with the primary antibodies: mouse anti tau (phospho Thr212/Ser214; AT100) (1 : 500, MN1060, Thermo Scientific) and rabbit anti-Tau (PHF-Tau clone PHF1 pS396) (1 : 2000, 44752 G, Invitrogen Corp., Carlsbad, CA, USA). Afterwards, sections were rinsed in 0.1 M PB and incubated for 2 h at room temperature in different solutions containing a goat anti-rabbit antibody coupled to Alexa Fluor 594 and a goat anti-mouse coupled to Alexa Fluor 488 (1 : 1000; Molecular Probes, Eugene, OR, USA) along with DRAQ5 (1 : 5000; ab108410 Abcam, Cambridge, UK), a far-red fluorescent DNA dye used to label the cell nucleus [36] . The sections were finally washed and mounted with ProLong Gold Antifade Reagent (Invitrogen Corp.).
As fixation could affect the biochemical properties of proteins, such that the antigen of interest is masked, we performed antigen retrieval before immunostaining to confirm that the epitopes were still recognizable by our primary antibodies. For that purpose, several sections were incubated in a 10 mM sodium citrate buffer (pH 8.5) for 30 min at 80 • C before incubation in 2% H 2 O 2 .
Image acquisition and analysis
Immunofluorescence sections were examined with a Zeiss LSM 710 confocal laser scanning system (Carl Zeiss Microscopy GmbH, Jena, Germany). They were recorded at 0.35 m (63x objective) or 0.5 m intervals (40x objective) through separate channels, and ZEN 2012 software (Zeiss) was then used to construct composite images from each optical series by combining the images recorded through the different channels (image resolution 1024×1024 pixels; pixel size 188 nm). Z depth in every confocal stack was 40 m. We scanned at least 6 image stacks from the whole CA1 region from each case (at least one section for each tissue sample). We manually quantified the number of the colocalizing neurons (somas) by analyzing each confocal plane.
Measurements of A␤ plaques in CA1 area (mm 2 ) were performed using Neurolucida software (MicroBrightField, Williston, USA). We have used one coronal section from each case. Normality and homoscedasticity of mean values obtained were analyzed with the Shapiro-Wilk and Levene tests, respectively. As normality and homoscedasticity criteria were satisfied, we used a paired t test to compare between the AT100/pS396 ratios and colocalization percentage mean values obtained in low (I−III) and high (V−VI) Braak Stage (GraphPad Prism version 5.00 for Windows, GraphPad Software, La Jolla, CA, USA, http://www.graphpad.com). The results are presented as mean ± standard deviation of the mean (SD).
RESULTS
We have performed double immunofluorescences using the antibodies AT100 and pS396 to study the differential staining of the two markers depending on the severity of the disease associated with the neurofibrillary pathology. Our analyses were carried out using brain coronal sections containing the anterior portion of the CA1 region of the hippocampus from 21 autopsies of cases presenting different degrees of tau pathology, most of them diagnosed with AD (see Table 1 ). In order to classify the neurofibrillary pathology from the samples used in this study, we have considered the criteria provided by the donor Hospital or Foundation (see the Materials and Methods section), which is based on the profiles described by Braak et. al. (1994) using AT8 labeling (Braak staging). Figure 1 shows the differential pattern of tau phosphorylation (AT100 and pS396) from a Braak stage IV case.
Characterization of AT100 and pS396 staining and cell viability in CA1 neurons
The pattern of staining of the phospho-tau neurons was studied in detail. Figure 2A shows an example of a neuron from a Braak stage I case stained both with AT100 and pS396 that shows a granular (non-fibrillar) staining. This kind of staining may indicate an intermediate form of tau fibrils and has been described as an early event in the development of tau pathology [37] . Moreover, we found that in the cells showing a granular staining, AT100 labeling was also always present, either colocalizing with pS396 ( Fig. 2A ; empty yellow arrow) or alone ( Fig. 2E ; empty purple arrow). However, no granular AT100 negative but pS396 positive cells were found, supporting the notion that AT100 epitope appears prior to Serine 396 phosphorylation. In addition to the granular pattern of staining, we found cells in an intermediate stage between granular and NFT ( Fig. 2C ; empty yellow arrow). These cells were predominantly stained with AT100 and the majority of them showed isolated pS396 positive fibers or small aggregates in the process of forming (pre-tangles). Finally, it is worth noting that we found all possible phospho-tau combinations in the NFTs analyzed: AT100 positive ( Fig. 2D ; purple arrows), pS396 positive ( Fig. 2C, E ; white arrows), and AT100/pS396 positive ( Fig. 2B, C; yellow arrows) .
Based on the nuclear DRAQ5 staining, we have also analyzed the nucleus integrity of the phospho-tau labeled neurons. When a neuron dies, the intraneuronal aggregates (iNFTs) of hyperphosphorylated and misfolded tau become extracellular tangles (eNFTs, known as "ghost" tangles) [25] . Based on this, we found viable nuclei in all cells stained with a granular AT100 or AT100/pS396 ( Fig. 2A ; empty yellow arrows and Fig. 1E ; empty purple arrows). Conversely, ghost tangles are only found in the pS396 positive NFTs ( Fig. 2C, E ; white arrows). Nonetheless, when analyzing cells showing either an AT100 NFT or an AT100/pS396 NFT, we did not find any alteration of their nuclei ( Fig. 2B, C; yellow arrows). However, the nucleus was completely missing if pS396 immunoreactivity is predominant in NFTs labeled both with AT100 and pS396. Thus, the presence or absence of the nucleus appears to be dependent on the pS396 and AT100 immunoreactive elements, with AT100 epitope appearing to protect cell integrity while pS396 seems to promote cell death.
AT100/pS396 ratio and Braak stage
After characterizing the AT100 and pS396 labeling, we studied the ratios and colocalization values between these two markers, comparing early Braak stages (I−III) and late Braak stages (IV−VI). Our results indicate that the progression of tau pathology inversely correlates with the AT100/pS396 ratio (see Table 2 ). Cases with lower Braak stages display a higher ratio than cases with higher Braak stages. Figures 3A and 3B shows representative examples of the AT100 and pS396 immunostaining. Figure 3C shows that the differences found are statistically significant. In most of the analyzed cells, an intense labeling of pS396 was normally present in the NFT, which indicates a late state in the progression of PHF assembly. This reverse correlation was also observed when the colocalization percentage versus the Braak staging is compared (Fig. 3C ). In the IV−VI Braak cases, the colocalization percentage was 30,8%, whereas in the I−III Braak cases, the colocalization was 74.8%. As for the AT100/pS936 ratio, the differences observed were statistically significant.
Furthermore, since TDP-43 accumulation is associated with cognitive impairment and dementia, we have determined the relationship between TDP43 and the progression of AD (see Supplementary Fig. 6 and Table 2 ). Our results are in accordance with previous reports which indicate that, in advanced AD cases, TDP43 positive cytoplasmic inclusions are found in around 75% of the cases [38] . Finally, we have measured the number of A␤ plaques in CA1 region for each case which, as expected, correlates with the severity of the disease (see Supplementary Fig. 6 and Table 2 ).
DISCUSSION
The main findings in the present study are: 1) the AT100/pS396 ratio decreases in line with the increase in the tau pathology of the samples analyzed and 2) the majority of the neurons in the CA1 area of human samples with a Braak stage of IV−VI do not show colocalization between the AT100 and pS396 tau antibodies (73%). We also demonstrated that, in the late Braak Stages, pS396 phosphorylation is predominant in most of the hippocampal neurons analyzed. Similar results have been reported when analyzing AT8 and pS396 tau immunostaining [39] . Therefore, the use of phospho-tau antibodies in immunohistochemistry may show an underrepresented population of positive phospho-tau cells, especially in advanced AD cases. Regarding the cases that were considered control but that after histopathological analysis of the brain samples showed NFTs with or without A␤ plaques in the hippocampal formation, it has been reported that AD affects about 80% of individuals over 65 years, but dementia only occurs in a small percentage of individuals at this age (the prevalence of dementia in AD increases to 25% in 80-year-old individuals). Consequently, it is possible that cases IF8, AB5 and AB6 represent a pre-dementia stage of AD (prodromal AD) [40] .
The profiles of several phosphorylation sites have been recently analyzed by western blot to characterize the temporal and spatial phosphorylation patterns in AD tau pathology [41] . However, western blot studies with AD samples provide an average signal of mixed iNFTs and eNFTs, making interpretation of the results difficult. Therefore, we have used an immunocytochemical approach to study the possible tau pathology progression in single neurons.
In a native unfolded state, tau protein adopts a "paperclip" conformation [42] . Pseudophosphorylation experiments, targeting epitopes that are recognized by PHF-1 antibody (S396/S404), showed that the paperclip conformation is opened up [43] . The NFTs evolve in a sequential manner depending on the tau conformation adopted. GarciaSierra et al. demonstrated that Alz50 conformation, which has the N-and C-terminus intact, precedes the tau 66 conformation, characterized by truncations in the N-and C-terminus [44] . Thus, the order in which tau protein is phosphorylated may affect the A paired t test found significant differences in the comparisons between low and high Braak stages for both AT100/S396 ratio and colocalization (mean ± SD). * * * p < 0.0005. Scale bar: 60 m.
tridimensional structure of tau. If this is the case, our results strongly suggest that the transition from T212/S214 to S396 phosphorylation promotes tau protein misfolding-a change that could be responsible for hiding the recognition sites for AT100 antibody. Further studies are needed to determine if this event is capable of triggering a conformational change that promotes transition to a toxic NFT. However, there are other possibilities that could explain the results obtained here: 1) serine at position 396 is mostly phosphorylated by GSK3 (via insulin receptor signaling), whereas AT100 recognition sites are phosphorylated by other kinases such as Dyrk1, PKA, JNK, or PKB/AKT (NMDA and calcium signaling) [21, [45] [46] [47] . Therefore, we could hypothesize that a specific neuron-dependent activity of one or more phosphatase/kinase is affecting the tau phosphorylation pattern in the progression of the disease. 2) Another possibility is that, after generation of truncated tau subproducts [44] , the C-terminal aggregated region is not accessible to proteases but the proteolytic cleavage is feasible in the proline-rich region.
The analysis of the abnormal posttranslational modifications of tau may be dependent on the A␤ aggregates or other pathological hallmarks such as TDP43 cytoplasmic inclusions. Here, we have shown that the number of A␤ plaques or the TDP43 cytoplasm accumulation correlate, as expected, with the severity of the disease. Further studies are needed to study their possible role in the activation of signaling pathways involved in tau phosphorylation. Another issue to take into account is the influence of the postmortem delay on tau and other proteins' structure/degradation [48, 49] . The postmortem delay in human brain samples usually ranges from around 2 hours to several days-a fact that should be taken into consideration when establishing relationships regarding tau phosphorylation and its impact on the development of AD. Our results come from the analysis of samples with very low postmortem intervals, minimizing the possible effects of tau degradation (see Table 1 ) thereby avoiding biased antibody recognition results.
Although PHF assembly is phospho-tau dependent, this tau modification does not necessarily have to be harmful. For example, it has been described that tau phosphorylation occurs naturally in hibernating mammals and is a non-pathological, reversible event [50] . The sequence recognized by AT100 and pS396 antibodies is conserved in human and in Syrian hamster-a small mammal with the capacity to hibernate under adverse conditions [51] , which suggests that these phosphorylations could also be reversed in AD cases. In others studies, it has been described that phosphorylation of tau on threonine 205 may have a protective role by preventing A␤-induced excitotoxicity [52] and that serine 305 phosphorylation inhibits tau aggregation [53] . In addition, in vitro experiments revealed that phosphorylation of threonine 212 may inhibit the toxic aggregation of tau [23] . Finally, it has been shown that tau phosphorylation at sites 202/205 alone is not sufficient to promote dendritic spine degeneration in human pyramidal neurons from AD cases [54] .
The development of neuronal cytopathology in AD reveals an interesting relationship: tau phosphorylation seems to sequentially advance from the N-terminal to the C-terminal domain, as illustrated in Fig. 4 . We also highlight that tau phosphorylation, in the N-terminal or proline-rich regions, inhibits PHF formation and prevails during the early stages, Fig. 4 . Direction of the progression of tau protein hyperphosphorylation. The proline-rich domain contains the epitope which is recognized by the AT100 antibody, whereas pS396 antibody recognizes the C-terminal region. Specific kinases phosphorylating each residue are illustrated. A blue arrow highlights the sequential tau hyperphosphorylation from the N-terminal to the C-terminal.
whereas phosphorylation in the C-terminal is associated with PHF assembly and is the dominating feature during the late stages of the disease.
Conclusions
Our work represents a step forward in the understanding of NFT development and the progression of AD. We have characterized, using double immunofluorescence techniques, the staining of a proline rich region directed phospho-tau antibody (epitope AT100) and a C-terminal directed phospho-tau antibody (pS396). Our findings revealed that the AT100/pS396 ratio and the colocalization between these two phospho-tau markers decreases along with the severity of the disease in CA1, a hippocampal region linked to memory consolidation. This result may indicate that a conformational change in the tau protein hides the recognition site for the AT100 epitope during the late stages of the disease. As tau phosphorylation in the N-terminal or proline-rich regions inhibits PHF formation, this possible structural change could favor the aggregation of toxic tau and cell death.
In view of our results, the analysis of the CA1 region using double immunostaining with AT100 and anti-pS396 antibodies could provide more clues to correlate the tau phosphorylation pattern with the progression of AD. Authors' disclosures available online (https:// www.j-alz.com/manuscript-disclosures/18-1263r1).
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